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The stabilities of myoglobin, apo-myoglobin, and of two myoglobins with chlorophyllous chromophores (Zn-pheophorbide a and Zn-
bacteriopheophorbide a), have been studied by thermal and chemical denaturation. With guanidinium chloride, the stability order is
myoglobin>Zn-pheophorbide-myoglobin>Zn-bacteriopheophorbide-myoglobin∼apo-myoglobin. The thermal behavior is more complex. The
transition temperature of thermal unfolding of the apoprotein (62.4 °C) is increased by Zn-pheophorbide a (83.9 °C) and Zn-bacteriopheophorbide
a (82.6 °C) to a similar degree as by the native chromophore, heme (83.5 °C). The recovery with Zn-pheophorbide (92–98%) is even higher than
with heme (74–76%), while with Zn-bacteriopheophorbide (40%) it is as low as with the apoprotein (42%). Recovery also depends on the rates of
heating, and in particular the time spent at high temperatures. It is concluded that irreversibility of unfolding is related to loss of the chromophores,
which are required for proper re-folding.
© 2007 Elsevier B.V. All rights reserved.Keywords: Myoglobin; Heat denaturation; Chemical denaturation; Reversibility of unfolding; Chromophore exchange; Chlorophyllide; Bacteriochlorophyllide1. Introduction
Myoglobin (Mb) and cytochrome c (Cyc) are protoheme-
containing members of the globin family, that is characterized
by an orthogonal bundle of α-helices, the globin fold. Heme
proteins of this type have been substantial to our current
understanding of protein structure and dynamics. Myoglobin
(Mb) and hemoglobin (Hb) were the first proteins of which
crystal structures have been solved [1,2], and for which
dynamic X-ray structures became available [3–8]. Folding
and unfolding have been studied [9–14], as well as the fluc-
tuations in the native state which led to the concept of micro-
heterogeneity of proteins and its characterization by a hier-Abbreviations: CD, circular dichroism; Cyc, cytochrome c; Gua, guanidi-
nium hydrochloride; KPB, potassium phosphate buffer; Mb, Myoglobin; NIR,
near infrared; Qx,y, lowest absorption bands of cyclic tetrapyrroles; TP,
temperature program; UV, ultraviolet; VIS, visible; Zn-BPheide, Zn-bacter-
iopheophorbide a; Zn-BPheide-MbT/U/L, Zn-BPheide apomyoglobin complex,
the indices refer to t(otal) and the u(pper)/l(ower) bands, respectively; Zn-
Pheide, Zn-pheophorbide a; Zn-Pheide-MbT/U/L, Zn-Pheide apomyoglobin
complex, indices as above
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doi:10.1016/j.bbabio.2007.03.011archical energy landscape [15–25]. Based on the accumulated
structural information, synthetic proteins have been engineered
that bind protoheme and other tetrapyrroles [26–28]. Denatura-
tion of Mb has been studied using a variety of external triggers,
including chemical denaturants like guanidinium chloride (Gua)
[29], low and elevated temperatures [30], pressure [31], redox
reactions [32] or pH-changes [33,34].
The bound heme has been used as a spectroscopic probe, or as
a tool to induce perturbations, e.g. by light-induced dissociation
of ligands [18,19,24,33,34]. However, Fe as central metal of the
bound chromophore, protoheme (heme), also has disadvantages.
It precludes, for example, fluorescence or high-resolution optical
work, due to the short excited state lifetime of heme [17]. In
cytochrome c (Cyc), this has been overcome by demetalation,
which renders the cyclic tetrapyrrole chromophore fluorescent
[16]. While larger variations in the chromophore are difficult to
achieve in Cyc due to the covalent binding to the protein, more
extensive modifications are possible in Mb, where the
chromophore is bound non-covalently [35–40].
The heme chromophore stabilizes the holoproteins towards
denaturation [41]. During experiments with pigment-modified
Cyc [16] and Mb [42] we recently noticed that also chlo-
rophyllous chromophores considerably affected protein stability
Fig. 1. Structures of chlorophyllous pigments inserted into myoglobin.
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Mb containing chlorophyllous chromophores, withMb and apo-
Mb, we have now investigated this effect in more detail by
thermal unfolding. Stabilization of the apoprotein towards
thermal denaturation by Zn-pheophorbide a (Zn-Pheide) and
Zn-bacteriopheophorbide a (Zn-BPheide) (formulas see Fig. 1)
is comparable or even higher than by the native heme, but there
is a differential effect on the recovery of the chromoprotein after
cooling.Table 1
Thermal transition points (°C) of Mb, apo-Mb and chlorophyllous Mb during
denaturation/renaturation cycles (TP 3, 20→85→20 °C), and reversibility of
spectral changes [% in square brackets]
CD Far-UV (222 nm) VIS (Soret) VIS (QY)
Mb 83.5/82.2 [76%] 80.4/78.3 [76%]
Zn-Pheide-Mb 82.8:61.1 (0.9:0.1)/
83.9:57.9 (0.9:01)*
[86%]
83.7/83.0:62.0
(0.9:0.1)* [92%]
81.0:60.7
(0.8:0.2)/NSF
[66%]
Zn-BPheide-Mb a 82.6:65.7
(0.9:0.1)/80.9
[40%]
85.6:64.5
(0.9:0.1)/NSF
Apo-Mb 62.4/NSF [42%] –
CD was monitored at selected wavelengths and curves for increasing/decreasing
temperatures fit with single or double step sigmoidals (amplitude ratios in
brackets).
Errors are <2 °C unless marked by an asterisk.
NSF — no satisfactory fit.
a Electrophoretically purified to remove Mb with [3-acetyl]-Zn-Pheide as
chromophore.2. Experimental
2.1. Materials
2.1.1. Pigments
BChl was extracted with methanol from freeze-dried cells of the carotenoid-
less mutant G9 of Rhodospirillum rubrum, and demetelated with trifluoroacetic
acid to yield crude BPheide [43]. Zn+ was inserted into BPheide according to
[44], and accompanying [3-acetyl]-Zn-Pheide removed by chromatography on
silica plates [40]. Chl was extracted from spray-dried Spirulina platensis (Behr
Import, Bonn, DE) with methanol and purified according to [45]. It was treated
with TFA [46] to yield Pheide, which was re-metalated to Zn-Pheide [47].
2.1.2. Preparation of apo-Mb
The apoprotein of horse heart myoglobin (Mb) (Sigma-Aldrich, München,
DE) was prepared by heme extraction according to published procedures [48].
After purification over a DEAE-cellulose column (Whatman,Maidstone, UK.) in
Tris/HCl (10 mM, pH 8.3), the solution was concentrated with centrifugal filter
devices (Amicon-10 kDa, Millipore, Bedford, MA, USA), dialyzed exhaustively
against doubly de-ionized water, and lyophilized.
2.1.3. Pigment insertion
Zn-Pheide and Zn-BPheide were inserted into apo-Mb as described
previously [40]. All reconstitution steps were done under Ar and dim green
light, and the resulting solutions of the pigment protein complexes stored under
Ar at 4 °C. Stock solutions of the pigment protein complexes were diluted with
potassium phosphate buffer (KPB, 50 mM, pH=7.2) before the experiments.
2.2. Gel Electrophoresis
Preparative native gel electrophoresis was done in vertical electrophoresis
cells (Protean II xi/XL, Bio-Rad) at 10 °C. The gels contained 10% acrylamide
(Rotiphorese Gel 30, 29.2:0.8% w/w acrylamide:bisacrylamide, Roth) and no
detergent. They were developed for 1 h with 15 Wand then for 11.5 h with 8 W.
Elution of the separated proteins was done by rapid stirring of the crushed gel
bands in KPB (10 mM, pH 6.3) under Ar for 2 h at ambient temperature. Theresulting solution was filtered, concentrated, and further cleaned by applying it to
a PD-10 column (Amersham-Biosciences, Uppsala, SE) in sodium phosphate
buffer (10 mM, pH 6.3). If necessary, sections of the gels were stained with
Coomassie Blue.
2.3. Spectroscopy
Absorption spectra were recorded on a Lambda 25 spectrophotometer
(Perkin Elmer) equipped with thermostated cell holders. Circular dichroism
(CD) spectra were recorded, using either a Dichrograph V (Jobin-Yvon) or a
model 810 (JASCO) spectropolarimeter. In the former, cell temperature was
controlled by a circulating bath thermostat (HAAKE CH with computer control
unit HAAKE F3), in the latter with a Peltier element (JASCO CDF-4265
temperature control unit). Measurements in the far-UV were carried out in
1 mm cells, those in regions >250 nm in 1 cm cells. Concentrations were
adjusted to a maximum absorbance <0.8 in the spectral region of interest. The
samples were kept under N2 during the experiments. Secondary structure was
analyzed using CONTILL [49] provided with the SELCON CD analysis
package [50]. In view of the unknown extinction coefficients of Zn-BPheide-
Mb and Zn-Pheide-Mb at 280 nm, that of Mb was used.
2.4. Thermal stability
Denaturation curves were determined using a 20→85→ 20 °C cycle
(0.8 °C/min) and monitored at 222 nm for all samples, at the Soret maximum for
the chromoproteins (410 nm for Mb, 434 nm for Zn-Pheide-Mb, 400 nm for Zn-
BPheide-Mb), and at 661 nm for the QY-band of Zn-Pheide. Transition points
were obtained by fitting with a sigmoidal function superimposed on a linear
slope. In some cases, a single step function
y ¼ A2þ BTxþ ðA1 A2Þ=ð1þ expððx x0Þ=dxÞÞ
resulted in stable fits with no systematic deviations from the experimental
curve; where A1 and A2 are the starting and final amplitudes, B is the slope of
the baseline, x0 is the midpoint (=transition point), and dx is the slope at x0. In
the other cases a double-step function
y ¼ ðA1 A2Þ=ð1þ expððx x01Þ=dxÞÞ þ A3þ BTx
þ ðA2 A3Þ=ð1þ expððx x02Þ=dxÞÞ
gave better fits, where A2 is the intermediate and A3 the final amplitude, x01
and x02 the transition points, and all other constants are as before. All data
handling was done by Origin 7.0 (Origin Lab Co.).
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fol lowing temperature cycles: TP1: 20→ 55→ 20 °C; TP2:
20→55→85→55→20 °C ; TP3: 20→85→20 (→85) °C. The heating and
cooling rates were set to 1.4–1.5 °C/min (TP1, TP2) or 0.8 °C/min (TP3), the
final heating in TP3 was done at a rate of 2.5 °C/min. CD spectra were recorded
immediately upon reaching the desired temperature. Recovery (R) after thermal
excursions is expressed as: R=(Sfinal−Sdenat) / (Snative−Sdenat) [%], where S
correspond to the absorption or CD signals, and the indices refer to the native,
denatured and final states after thermal excursion, respectively. In order to
correct for baseline drifts, difference signals were generally used between the
band maximum of interest and a nearby minimum (see Table 1).
2.5. Stability towards guanidinium hydrochloride
Stock solutions of the proteins in KBP (50 mM, pH=7.2–7.3) were mixed
with solutions of guanidinium hydrochloride (Gua) in a mixture KPB (50 mM,
pH=7.2–7.3)/glycerol (46: 54, v:v), such that the final concentrations of Gua
were 0–6 M. CD spectra were measured without delay after addition of the
denaturant. Data points were fit with the single-step Boltzmann function
provided by Origin (OriginLab Co.).Fig. 2. (a) Normalized Vis absorption and (b) CD spectra of Mb, Zn-Pheide-MbT
and Zn-BPheide-MbT in KPB (50 mM, pH 7.2).3. Results
3.1. Samples
The chlorophyllous chromophores, Zn-Pheide and Zn-
BPheide (Fig. 1), were introduced into apo-Mb by a modifica-
tion [40] of the method of Boxer and Wright [35]. Spectra of the
two samples, and of native Mb containing protoheme, show the
typical features of the free pigments, but all bands are slightly
shifted due to protein–chromophore interactions [40] (Fig. 2).
The sample containing the Zn-BPheide chromophore (λmax=
774, 587 and 362 nm) is contaminated by the oxidation product,
Zn-[3-acetyl]-Pheide, which in Mb absorbs at λmax=∼ 673 and
442 nm. It is produced during the insertion procedure; the ready
oxidation of the bacteriochlorin to the chlorine is well known
[51]. When trying to separate Zn-BPheide-Mb from Zn-[3-
acetyl]-Pheide-Mb by preparative native gel electrophoresis, a
major band was accompanied by a minor, slightly faster moving
one (Fig. S1, supplementary material). However, these bands
did not represent Mb containing two different chromophores,
but rather both bands contained, in different ratios, Zn-BPheide
and its oxidation product, Zn-[3-acetyl]-Pheide. The same band
pattern was obtained for Zn-Pheide-Mb (Fig. S1, supplementary
material), and even for Mb (not shown).1 Experiments have
generally been carried out with all three samples, viz. the total
sample, with the fraction contained in the upper band, and that
contained in the lower band. In view of comparable data of the
total sample and of the major upper band, the data refer in
general to the former. In case of Zn-BPheide, the electrophor-
etically separated upper band has been used, because most of
the contaminating Zn-[3-acetyl]-Pheide was removed by the
procedure.1 The nature of the two bands is currently unclear. They have identical mass
spectra [42], but slightly different absorptions. There is in particular a shift in
the Qx-band of Zn-BPheide (Fig. 2a), that is indicative of a changed state of
ligation [61].3.2. Thermal denaturation
3.2.1. Protein secondary structure
Thermal unfolding of the protein and recovery of the native
structure were studied by thermal excursion experiments, where
the samples were subjected to controlled heating-cooling cycles
from 20 to 55 or 85 °C and back. Spectral changes were
followed by recording complete spectra (TP3) or amplitudes at
selected wavelengths (TP2). Unfolding of the protein was mo-
nitored by the CD at 222 nm. The proteins were characterized
by their transition points (“melting points”), and by the amount
of recovery (R) of the native structure after cooling back to
20 °C. Sample curves are shown in Fig. 3, and the results sum-
marized in Table 1. The temperature-induced changes were fit
with sigmoidal (Boltzmann) functions that were superimposed
on a linear ramp. The latter represents a general temperature
effect on the respective spectra, which can be satisfactorily ap-
proximated by a linear fit. Free parameters are the two constants
describing the ramp, the amplitude(s) of the single or double
sigmoidal steps, the inflection point(s), and the slope of the
transition(s). In some cases, a single-step sigmoidal gave stable
fits with no systematic deviations from the experimental data,
but more frequently a double-sigmoidal resulted in significantly
improved fits. In these cases, the major components had
transition points that were similar to the ones obtained from a
single-step fit, while the second, minor components had lower
transition points (Table 1).
Fig. 3. Thermal denaturation–renaturation cycle of (a) Zn-Pheide-Mb, and (b) Zn-BPheide-Mb in potassium phosphate buffer (50 mM, pH 7.2). Top: CD at 222 nm (major
fractions in case of chromoproteins) during TP3 treatment. Solid lines in the thermal curves correspond to heating, broken lines to cooling; vertical lines indicate the
temperatures for 50% change in the heating or cooling cycles. See Table 1 for transition points obtained by single- or double-step sigmoidal fits. VIS absorption (center) and
CD spectra (bottom) at selected temperatures during the heating/cooling cycle (TP2 and TP3, respectively). Line assignment for center left is as for center right.
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of chromoproteins and only a moderate one on apo-Mb (Table
S1, supplementary material), where the recovery after cooling
back to 20 °C was 62%. Much more pronounced effects on the
secondary structure were seen after heating to 85 °C, and
recovery was reduced depending on the presence and type of
chromophore (Table S2, supplementary material). It should be
noted that irrespective of the amount of recovery, in all samples
the signal shape was typical for an all-α-helical protein(supplement, Fig. S2, supplementary material). This suggested
on first sight that the recovered fraction of protein had the same
secondary structure as the original sample, and the remainder
was fully denatured. However, this is only partly supported by
secondary structure analysis (Table 2, see below). Differential
stabilization by the chromophores became obvious during the
excursion to 85 °C. Apo-Mb has a transition point at 62.4 °C
(Table 1), and the recovery is only 23 and 42% with TP2 and
TP3 treatment, respectively (Table 1, see also supplementary
Table 2
Secondary structure analyses by CONTINLL [49] of native and modified
myoglobins before and after heating to 85 °C (TP3)
Pigment α-Helix β-Sheet Turns and
‘unordered’
Mb before heating 0.703 0.026 0.271
after heating 0.518 0.041 0.441
Apo-Mb before heating 0.565 0.037 0.298
after heating 0.238 0.244 0.518
Zn-Pheide-Mb before heating 0.676 0.028 0.296
after heating 0.662 0.030 0.308
Zn-BPheide-Mb before heating 0.676 0.018 0.306
after heating 0.269 0.213 0.518
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phore increases the transition point to 83.5 °C, and the recovery
to 76%. The transition points of the two Mb containing the non-
native chlorophyllous chromophores were comparable to those
of native Mb. However, the samples differed strongly in the
recovery: that of Zn-Pheide-Mb was even higher than that of
Mb, while that of Zn-BPheide-Mb was as low as that of apo-
Mb. A more detailed analysis of the changes in protein structure
was carried out by secondary structure analysis (Table 2). The
changes are within the error limits for Zn-Pheide-Mb. The
relatively small losses of α-helix content of Mb resulted mainly
in an increase of ‘turns’ and ‘unordered structure’, while the β-
sheet contents remained low. However, the less stable apo-Mb
and Zn-BPheide-Mb showed after heating a considerable
amount of β-sheet. The reduced α-helix content of apo-Mb
had already been described in 1965 [52]. Formation of β-sheets
in mostly α-helical globins has been documented [53–57], as
well as a heme proteins with mostly β-sheet structure [58–60].
The recovery also depends on the details of the thermal
treatment. In the TP2 cycle, the heating rate is more rapid
(1.4 °C/min) than in the TP3 cycle (0.8 °C/min), but the sample
is maintained longer at 85 °C because full spectra are recorded,
rather than only selected wavelengths. Generally, these differ-
ences in heating treatment influence the recovery, but the kine-
tics have not been studied in detail.
3.2.1.1. Pigment status. The thermal treatment also induced
changes in the absorption and CD spectra (Fig. 3) of the
pigments. For all three chromoproteins, the spectral changes
were monitored quantitatively in the blue (Soret band) region,
for the chlorophyllous complexes also in the Vis/NIR region.
3.2.2. Uv/Vis absorption
The absorption changes induced by thermal treatment of Mb
and Zn-Pheide-Mb were not uniform: they were largely rever-
sible in the Soret region, while the Qy bands of Zn-Pheide-Mb
appeared to be more sensitive (Fig. 3, Table 1), indicating that
the state of the chromophore was irreversibly changed during
the experiment. This was even more obvious by the absorption
changes of the chromophore in Zn-BPheide-Mb, where the
decrease in the Soret absorption even continued during cooling,
and by the CD data (see below). Due to the spectral richness of
bacteriochlorophylls [61], the spectral changes of Zn-BPheide-Mb can be analyzed in more detail. The spectrum is changed
completely, e.g. both Q-bands are red-shifted after the thermal
excursion, and therefore the chromophore is in a different
environment from that before heating. A second noteworthy
effect is that the relative contribution of chlorin absorptions
(∼680 and 440 nm) to the spectra is considerably increased after
heating. In the course of the preparation of Zn-BPheide-Mb,
part of the chromophore is oxidized to Zn-[3-acetyl]-pheophor-
bide a. Apparently, this pigment is more stably bound to apo-
Mb than Zn-BPheide.
3.2.3. Circular dichroism
The most complete set of data for the pigments' status was
obtained by CD spectroscopy following TP3 treatment. Spectra
of the two modified Mb (Zn-Pheide-Mb, Zn-BPheide-Mb) are
shown in Fig. 3, and the results are summarized in Table 1. The
CD data follow the same pattern as the absorption data: while
recovery is quite high for Mb and Zn-Pheide-Mb (76 and 92%,
respectively), it is only few percent for Zn-BPheide. This order,
Zn-Pheide-Mb>Mb>Zn-BPheide-Mb, is like that obtained
from an evaluation of the melting curves (see above), but the
values are consistently higher (Table 1), which probably reflects
the shorter times the samples spent at elevated temperatures
under these conditions. Again, the structures of the chromo-
phores therefore considerably influence the recovery of the
chromoproteins, and the stability order is the same if judged
from the far-UV CD monitoring protein secondary structure,
and from the VIS range monitoring the pigment's status.
3.2.4. Correlation between far-UV and VIS data
Quantitatively, the recovery of the pigment-related CD bands
is systematically lower than that of the far-UV CD (Table 1),
indicating that different properties of the chromoproteins are
monitored. This is emphasized if, for the proteins containing the
chlorophyllous pigments, the recovery is compared for different
bands of the pigments, viz. the Soret and Qy bands (Zn-Pheide-
Mb), and the Soret, Qx and Qy bands (Zn-BPheide-Mb). The
discrepancies among these values are in the range of 30–50%
for Zn-Pheide-Mb, which is in line with the absorption data (see
above). Again, the situation is even more pronounced in Zn-
BPheide-Mb, where the spectral shape has changed completely
(Fig. 3b). Since the two (Zn-Pheide-Mb) or three (Zn-BPheide-
Mb) bands derive from the same pigment, these results support
that the pigment status changes during the temperature
treatment. There are at least two possible explanations for this
type of behavior: (a) the far-UV (protein) and the VIS CD
(chromophores) monitor different parts of protein, viz. the
whole protein's secondary structure and the vicinity of the
chromophore [24], respectively, and the thermal changes affect
different parts of the proteins differently, and/or (b) the binding
situation of the chromophore is changed during the treatment,
e.g. by a rearrangement or flip [62] within the binding pocket,
or dissociation from the protein.
3.2.4.1. Denaturation by Guanidinium hydrochloride. Stabi-
lity of the secondary structure of apo-Mb and the three
chromophore-carrying samples, Mb, Zn-Pheide-Mb and Zn-
Fig. 4. Far-UV CD activity of the four proteins during denaturation with
guanidinium hydrochloride (Gua) in 46% phosphate buffer/54% glycerol. Mb
(▪; • • • •); Zn-Pheide-Mb (▴,-•-•); Zn-BPheide-Mb (✩, —); Apo-Mb
(o, ┄).
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chloride (Gua) (Fig. 4). The transition points were determined
again by sigmoidal fits. They are lowest for Apo-Mb and Zn-
BPheide-Mb (1.5 M), and increased over Zn-Pheide-Mb
(1.77 M) to Mb (1.82 M). The value for Mb is slightly higher
than that reported by [29]. This is probably due to the
presence of glycerol (samples were intended for hole-burning
studies, unpublished) and by the increased pH, because Mb is
destabilized by acid [29]. The four proteins also differ in the
slopes of the denaturation curves, which follow the same order
as the transition points: the slope is largest for Mb, lower for Zn-
Pheide-Mb, and even lower for Zn-BPheide-Mb and apo-Mb.
The slopes are much lower for both chlorophyllous complexes
than for Mb, and closer to that of apo-Mb. If the steepness is
interpreted as cooperativity of the unfolding process, then this
indicates a lower cooperativity of unfolding for the chloro-
phyllous complexes than for the native Mb.
4. Discussion
4.1. “Melting” curves
The double-step function required to satisfactorily fit many
of the melting curves, is indicative of heterogeneities or of an
intermediate in the unfolding pathway. Heterogeneities have
been seen with Mb that equilibrate within minutes [63], but this
is much faster than the experimental time scale of this work. A
longer lived heterogeneity has been seen by native gel elec-
trophoresis (Fig. S1, supplementary material), where Mb as well
as the two chlorophyllous complexes separated into a slower
moving major band and a faster moving satellite. However, this
heterogeneity can also be excluded as an origin for the double-
step unfolding because each of the separated fractions showed
the same behavior (not shown). A sequential unfolding is
therefore more likely. Unfolding intermediates have been cha-
racterized for the Gua-induced denaturation of Mb, in particular
a molten globule state that has lost the chromophore [9,29].However, in this case the intermediate is only discernible under
acidic conditions, while it is kinetically not resolved at neutral
pH. Bismuto et al. [29] ascribe this to destabilization of the
protein after the loss of chromophore, resulting in a subsequent
rapid unfolding that is faster than the dissociation of heme. The
low-temperature transitions of the double-step fits, which
always have the smaller amplitudes, are indeed close to the
transition point of apo-Mb (Table 1). Accordingly, they could be
related, too, to a loss of chromophore. However, one would then
expect that this step dominates the refolding process, which is
not observed. Even if refolding is incomplete, in particular with
Zn-BPheide-Mb, the transition temperatures of the cooling
curves are like those of the heating curves, and the low tem-
perature step retains only a small amplitude. Loss of chro-
mophore as an origin of the first step is also unlikely based on
the similar melting curves obtained when the chromophore is
monitored, and when the secondary structure is monitored. If
the chromophore were released in the first step, it should no
longer respond to changes of the protein at higher temperatures.
We therefore conclude that thermal unfolding proceeds via an
intermediate that still carries the chromophore.
The transition points of all three chromoproteins are very
similar and about 20 °C higher than those of the apoprotein. The
structural differences between heme and the chlorophyll-
derived pigments are therefore not relevant for the stabilization.
Larger differences among the chromophores are observed in the
recovery of secondary structure after cooling the sample back to
20 °C. There is in particular a large difference between Zn-
Pheide-Mb, which shows excellent recovery, and Zn-BPheide-
Mb, which recovers as poorly as apo-Mb. Zn-Pheide and Zn-
BPheide differ by the C-3 substituent, and by the oxidation state
of ring B: C-3 carries a vinyl group in the former and an acetyl-
group in the latter, and ring B is fully saturated in the chlorin,
Zn-Pheide, and reduced in the bacteriochlorin, Zn-BPheide.
Samples of Zn-BPheide-Mb contain Zn-[3-acetyl]-Pheide as
impurities, which became enriched after the heating cycle,
indicating that the latter stabilizes Mb more than Zn-BPheide.
Zn-[3-acetyl]-Pheide contains the 3-acetyl group, but lacks the
reduced ring B. The steric hindrance induced by sp3-hybridiza-
tion at ring B then seems to be more relevant for the poor
recovery after heating, than the polar 3-CO–CH3 group that is
located in the hydrophobic pocket of the protein [40]. A model
for the differences in recovery in spite of similar transition
points of the chromoproteins is the loss of the chromophore
upon unfolding, which is more rapid with Zn-BPheide than with
Zn-Pheide, and a subsequent irreversible change of the “empty”
protein. The solutions of both apo-Mb and Zn-BPheide-Mb
were turbid after the thermal cycle. There is also an irreversible
change of the chromophore CD. The spectrum of Zn-Pheide-
Mb at 85 °C has a negative QY-band at 666 nm (Fig. 3a) that is
characteristic for free chlorophylls and pheophorbides [64,65],
while this band has a positive CD in the complex before heating,
that is only partly recovered after the thermal cycle. The
irreversible change of the CD is even more obvious from Zn-
BPheide-Mb (Fig. 3b), where the spectrum is qualitatively
completely different from that of the original spectrum after
cooling back to 20 °C. We also noticed a decrease in recovery
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temperatures. The TP2 and TP3 protocols differ by the heating
rates and the time spent at 85 °C, which are both larger for TP2.
Recovery is generally less for the TP2-treatment, indicating that
the time spent at 85 °C is relevant for the irreversible changes of
the complexes after the second transition. We therefore con-
clude that loss of the chromophore and a subsequent desta-
bilization of the protein cause irreversible recovery of the
complex.
Finally, we would briefly point out the differences between
thermal unfolding and Gua-induced denaturation. In both cases,
the chromophores stabilize the apoprotein, but whereas the
amount of stabilization is the same for all three chromophores
studied towards the thermal treatment, this differs significantly
with Gua. Here, the native heme stabilizes best, followed
closely by Zn-Pheide, and stabilization by Zn-BPheide is even
lower. Interestingly, this order resembles the order of recovery
after thermal unfolding, which may point to the same origin.
Loss of chromophore has been recognized as a key event in
Gua-induced unfolding [29,41,66]. In a first unfolding step, the
protein is partly ‘softened’ and therefore allows escape of the
chromophore, which in turn destabilizes the protein The data
obtained with Gua-induced unfolding of the chlorophyllous
chromophores would be in line with this model.
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